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We demonstrate that the electrical conductivity of metal/semiconductor oxide heterojunctions can be increased over seven orders of magnitude by inserting an ultra-thin layer of LaAlO3. This counterintuitive result, that an interfacial barrier can be driven transparent by inserting a widegap insulator, arises from large internal electric field between the two polar LaAlO3 surfaces.
This field modifies the effective band offset in the device, highlighting the ability to design the electrostatic boundary conditions with atomic precision.
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Interfaces and surfaces show a rich variety of emergent physical phenomena, ranging from confined electronic phases in strongly correlated electronic systems, [1] [2] [3] [4] to catalytic behaviors. [5] [6] [7] To fully exploit these phenomena in devices, atomic scale control is indispensable. For example, the contact resistance in silicon devices can be reduced using interface dipoles, 8 and the development of advanced catalysts requires precise tuning of the surface molecular reactions. 9, 10 Manipulation of the interface or surface band diagram, which defines the electronic properties of these devices, can be achieved via charges originated from dopant ions, 11 interface states, 12 ferroelectric polarization, [13] [14] [15] [16] surface adsorbates, 17 and so on, which can electrostatically modify the electron energies nearby. This approach is especially effective in ionic materials, where a high concentration of charges can be simply manipulated via the positioning of the ions. By controlling the ionic stacking sequence, charges can be embedded on the atomic scale, creating clean low-dimensional electronic systems, 18, 19 as well as combining distinctive electronic phases to create unique interfacial states. 3, 4 3 These considerations are particularly relevant to the recent development of atomic-scale perovskite oxide heterostructures, which has created a wealth of new opportunities via the integration of their rich variety of physical properties, and enabled by their inherently small lattice mismatch. In particular, interfacial phenomena distinct from the bulk can be engineered, such as electrical conductivity between insulators, 1,2 interface superconductivity, 3 and ferromagnetism between antiferromagnets. 4 While these striking properties are often manifested through in-plane transport measurements, here we demonstrate a highly interfacial phenomenon which controls the out-of-plane transport properties. The electrical conductivity of SrRuO3/Nb:SrTiO3 {100} metal/semiconductor Schottky junctions can be tuned over seven orders of magnitude by inserting a wide-gap (5.6 eV) insulator LaAlO3, with thicknesses from 0 to 3 unit cells (uc). Electrical measurements and photoemission spectroscopy (PES) show that a large internal electric field exists on the angstrom-scale, modifying the effective band offset at the heterointerface. This electric field is attributed to the ionic (LaO) + and (AlO2)sheet charges in the LaAlO3 interlayer.
The Schottky barrier height (SBH), a key parameter of these junctions, is given by the difference between the metal work function and the semiconductor electron affinity. When an interface dipole of magnitude exists at the junction, the SBH is shifted up or down by . Thus a measurement of the SBH provides an excellent measure for the dipole potential introduced by the LaAlO3 insertion. Here the SBH was measured by current-voltage (I-V), capacitance-voltage (C-V), and PES measurements. Notably, the effect of the ionic layers in LaAlO3 has been actively discussed in the context of the LaAlO3/SrTiO3 {100} heterointerface, where a high mobility electron gas is accumulated at the interface 1 . The relative contributions to the electronic accumulation from interfacial oxygen vacancies, 21, 22 La interdiffusion into SrTiO3, 23, 24 and an electronic reconstruction 25 to solve the polarity mismatch between the (LaO) + -(AlO2) -, and the (SrO) 0 -(TiO2) 0 layers 26 have been discussed. Strikingly, conducting electrons exist only above some critical LaAlO3 thickness, between 3 and 4 uc, 27 while below 3 uc, it is predicted that a build-up of an internal electric field in the LaAlO3 is more energetically favored. 23, 28, 29 However, the values of this internal electric field that have been measured, or inferred to exist, in the LaAlO3 have widely varied among different experiments using various techniques.
For example, PES revealed a significant reduction of the internal electric field from the predicted value. 30, 31 Transport studies have hinted at this field's influence, 32 however evidence of extreme sensitivity to surface adsorbates 17 suggests that the surface electrostatic boundary conditions can be strongly modified, depending on the details of the sample preparation 17 or surface reconstructions. 33 A critical difference of our study from previous ones 30, 31 is that an ideally wetting, epitaxial, SrRuO3 metallic layer caps the LaAlO3 surface, unambiguously defining the boundary conditions of the band diagram as predicted by theoretical 6 calculations. 34, 35 Furthermore, the large work function of SrRuO3 depletes the electrons in the Nb:SrTiO3 close to the interface at the LaAlO3 thickness of 1 uc where  is still below the original SBH ~ 1.3 eV. This depletion regime prohibits electron accumulation at the LaAlO3/Nb:SrTiO3 {100} interface, preserving the maximum internal electric field in the LaAlO3 interlayer.
To further confirm the absence/existence of the internal electric field in the LaAlO3 layer, PES was performed on SrRuO3/LaAlO3/Nb:SrTiO3 heterostructures, as well as for uncapped LaAlO3/Nb:SrTiO3 samples. In Figure 4a , Al 2p core level spectra are plotted with respect to Ti 2p3/2 core level energy. Here 800 eV X-rays at relatively high output angle were used to achieve short photoelectron escape depths ~ 1 uc (see Methods Section), enabling the detection of only the topmost atomic layers for a given atomic species. The shift of the peaks (shown with the red arrows) indicates that the electrostatic potential between the topmost Al in LaAlO3 and the topmost Ti in Nb:SrTiO3 was shifted by the SrRuO3 capping. Similar results were obtained from the analysis of Al 2p core levels with respect to La 4d3/2 core levels (Figure 4b) , where the 0.5 uc difference between the positions of the topmost Al and La atoms in LaAlO3 (Figure 3a ) was exploited to confirm the internal electric field in the LaAlO3 interlayers. In both spectra, the topmost Al atoms are closer to the surface than the topmost Ti or La atoms (Figure 3a) , and the increase in the Al 2p core level energies with respect to Ti 2p3/2 or La 4d3/2 corresponds to an increased electron energy on the surface side of the LaAlO3. The estimated internal electric field ~ 1 eV/uc and the resulting relative dielectric constant ~24 (almost identical to the LaAlO3 bulk value 36 ) are consistent with the previous estimates based on the first principle calculations. 23, 28, 29 We note that the shift of the PES peak position as a function of LaAlO3 thickness tends to saturate between 1 and 2 uc, somewhat below the critical thickness observed in the uncapped LaAlO3/SrTiO3 system. This difference is physically very reasonable, and a natural consequence of the different energy thresholds in the two systems -the Schottky junctions being defined by the original SBH ~ 1.3 eV, in contrast to the 3.2 eV SrTiO3 band-gap in the LaAlO3/SrTiO3 case.
In the Schottky junctions, the ~ 1.3 eV scale, fixed by the SrRuO3/Nb:SrTiO3 band offset, corresponds to a transition where the LaAlO3/Nb:SrTiO3 interface switches from depletion to accumulation modes. This transition can be visually understood in the band diagrams in Figure   3b ,c. The increase in the LaAlO3 thickness weakens the depletion in Nb:SrTiO3 as indicated by the red arrows in Figure 3c , and the further increase in thickness totally suppresses the depletion and induces an accumulation of electrons at the LaAlO3/Nb:SrTiO3 interface instead. Crucially, these PES shifts are consistent with the observed interface dipoles in Figures 1 and 2 , confirming our interpretation above using an idealized model. It should also be noted that the 2 uc LaAlO3 insertion lead to the Ohmic behavior (Figure 1a ) although the tunneling barrier of LaAlO3 still remains after the collapse of the SBH. This is because the tunneling barrier of the 2 uc LaAlO3 layer is much less resistive than the other series resistance of the whole circuit ~100 , resulting in the Ohmic behavior which only reflects this series resistance.
In summary, we have demonstrated that an epitaxial Schottky barrier can be driven Ohmic by the insertion of a wide-gap insulator with polar surfaces. In addition to providing a flexible method for widely tuning band alignments in oxide heterostructures, this can be used to impart large internal electric fields across thin film components, which have been theoretically proposed for novel photovoltaic devices. 37 Methods. The Schottky junctions were formed between a metallic single crystalline SrRuO3 film and an n-type semiconducting Nb-doped (0.01 wt. %) SrTiO3 {100} substrate. Both materials have a common perovskite structure with small lattice mismatch of ~0.5 %, facilitating epitaxial Schottky junctions with ideal characteristics. 38, 39 The SrRuO3 and LaAlO3 were grown by pulsed laser deposition using TiO2-terminated Nb:SrTiO3 {100} substrates. LaAlO3 was grown in an O2 partial pressure of 1 × 10 -5 Torr, while SrRuO3 (60 uc for electrical measurements and 5 ~ 6 uc for PES) was grown at 0. 
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